Introduction
Platinum group metals (pgms) play a crucial role in a variety of applications and in particular for a host of catalytic applications (1) (2) (3) . Supported pgm catalysts are used widely for industrial bulk and fi ne chemical synthesis. However the largest application is currently in vehicle emission control (VEC) catalysts to effi ciently reduce particulate matter (PM), carbon monoxide (CO), oxides of nitrogen (NOx) and hydrocarbons (4, 5) . In most modern VEC catalyst formulations, the use of palladium (with rhodium) predominates for gasoline engines whilst platinum is required for most diesel systems. VEC catalysts have been studied extensively and have continued to develop to keep pace with ever more stringent emission control regulations (4, 6) . VEC systems are diverse and complex but generally contain amounts of pgm in the range of 0.1-1 wt% with a mixed oxide catalytic functional support and a thermally stable structural support (4, 5, 7, 8) . Several studies have been carried out to determine the chemical species
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present in VEC catalysts before, during and after use (4) (5) (6) , although the nature of the species present in the system are still not completely understood. More recently, there have been concerns that chloroplatinate species, seen in some pgm processing applications, can exist in used catalysts in specifi c environments (9) . Thus it is our aim to determine the types of species present in VEC catalysts, and in particular any minor components within the overall Pt atomic environments, using XAS.
Characterisation of automotive exhaust catalysts has been carried out using a variety of analytical techniques. In particular, electron microscopy has been used to determine the particle size and shape of supported catalysts; Fourier transform infrared (FTIR) spectroscopy studies to investigate the adsorption of gaseous molecules such as CO; X-ray photoelectron spectroscopy (XPS) to determine the oxidation states of outer layer atoms; X-ray diffraction (XRD) to examine the crystallinity and particle size of phases; and XAS to determine the electronic and geometric structure of the active species (7, (10) (11) (12) (13) (14) (15) (16) (17) . Among these techniques XAS is particularly useful (18), since measurements can be conducted directly (without high vacuum), representatively (all atoms are refl ected in the signal and not those just at the surface or within crystalline domains) and with a high degree of sensitivity to determine the nature of Pt species in the catalyst. The main drawback of this technique is that it provides averaged information. For example, if more than one type of particle is present, with different shapes and sizes, the technique will provide only an average structure for all particles.
Here we report the use of XAS techniques, in particular XANES and EXAFS, to determine the types of species present in fresh and road aged diesel VEC catalysts that contain platinum as a major active constituent. Other elements, for example palladium and rhodium, may also be present in the catalyst formulation; however, the aim of this study is to understand speciation with respect to platinum in the catalyst.
Experimental

Data Collection
The Pt L 3 edge XAS experiments were carried out at beamline B18 at the Diamond Light Source, UK (Figure 1) , which operates at ca. 3 GeV electron energy. Pt foil of thickness 25 m was used to calibrate the monochromator and was used as one of the reference materials, using data collected after calibration. Three additional reference compounds were also measured: platinum(IV) oxide (PtO 2 ), potassium tetrachloroplatinate(II) (K 2 PtCl 4 ) and platinum(II) chloride (PtCl 2 ). All the reference compounds were obtained from Alfa Aesar and were mixed with alumina in such a way that the overall concentration of Pt was ca. 5 wt%. In a typical experiment, 150 mg of the powder sample was pressed into a 13 mm diameter disc (approximately 1.5 tons of pressure was applied to get a good pellet) and used for XAS measurements. XAS data for all the reference materials were collected using transmission mode in which two ion-chambers (fi lled with argon or helium to a required amount) were employed for measuring the incident intensity (I 0 ) and intensity after transmission (I t ).
Experiments were also performed on a Johnson Matthey prepared standard model alumina supported platinum catalyst, 1% Pt/Al 2 O 3 , which is here denoted as RM1. The data derived from this model catalyst were used to establish analysis procedures to determine the types of species present in diesel VEC monolith catalysts.
Road aged diesel saloon car VEC catalyst samples were obtained from UK registered car dealerships in selected geographic regions to represent coastal and non-coastal environments. The exact source of manufacture of the catalysts was not identifi ed, to maintain anonymity. Two replacement original equipment manufacturer (OEM) parts were ordered for the respective vehicles. One was fi tted to the vehicle, the other was utilised as a control sample for this characterisation study and is referred to as 'fresh'. Attempts were made to collect data with spatially resolved information by cutting the monolith samples to a fl at plate and measuring the attached washcoat in fl uorescence mode, but the quality of the data was not satisfactory. Subsequent measurements were therefore made using pellets made from scraped washcoat powder from the monolith, since the Pt concentration is fairly low for fl uorescence mode (a nine element Canberra detector was employed for this purpose). In general very good quality data were obtained and data up to ca. 18 Å 1 could be analysed; however a few data sets, in particular PtO 2 and the fresh catalyst samples, were not satisfactory above ca. 14.5 Å 1 . The XANES part of the data was found to be very reliable in all cases.
Data Analysis Methods
Initial processing of the data was carried out using the ATHENA software package (19, 20) for normalisation and background subtraction. In addition this software package was used to calculate linear combinations of two or more possible species which may be present in the XANES data. This was used to estimate the concentration of different oxidation state species present in the catalysts. To determine the structure of various phases present in the system, detailed analysis of the EXAFS data was performed. This allowed the possible fi rst neighbour atoms, X, in Pt-X (X  Pt, O or Cl) species to be determined up to ca. 3 Å using the EXCURV (21) software package. Raw data without Fourier fi ltering was used for detailed analysis by curve fi tting procedures. Since only the fi rst neighbours were analysed, a singlescattering approximation was used.
Results and Discussion
Using both XANES and EXAFS data, the reference and model materials are fi rst discussed in order to better understand the types of platinum species present in fresh and road aged diesel VEC catalysts. Figure 2 (a) shows the Pt L 3 edge XANES data for the reference materials Pt foil, PtO 2 and K 2 PtCl 4 , representing the three different types of neighbours one would expect in a real catalyst. The main absorption peak (usually called the 'white line intensity') is related to the 2p 3/2 to 5d transition (which is the dipole allowed transition). The intensity of the XANES signal depends on the transition probability and the density of unoccupied states (18). In this case, all the transition states are the same and so the white line intensity corresponds closely to the density of unoccupied states. In this case, Pt (IV) (-PtO 2 ) shows the highest and Pt 0 (Pt foil) the lowest intensity.
Reference Materials
Other factors such as the near neighbour distances (level of bonding contribution), solid state effects, any bimetallic species that are present and importantly particle size effects (nano and bulk) can also affect the white line intensity or perturb the width (shape) and other features (22) . Oxidic compounds typically show a higher intensity than chlorinated compounds. This particular area is not completely understood and hence it is diffi cult to quantify these aspects. The majority of studies based on analysis of XANES data rely on crystalline reference materials, although catalysts containing highly dispersed species do not possess long-range order; solid state effects can therefore alter the spectral features and mean that analysis of the XANES data may not yield accurate results. Despite these issues, qualitative information can be gained by analysing the XANES data (23) .
More recently, several features in XANES spectra, in particular just above the white line, have been interpreted based on both theory and comparison with experimental data, and used for suggesting possible Pt-X species present in a given system. For example, feature B (see Figure 2 ) has been identifi ed as representative of Cl neighbours in the system (24) (25) (26) (27) . However, this feature was also found to be present, although at a different energy, in pure metallic platinum (Pt foil, Figure 2(a) ) although it was absent in the reference oxidic compound (PtO 2 , Figure 2(a) ). In addition, a similar feature B in two different Pt-Cl containing compounds (PtCl 2 and K 2 PtCl 4 , Figure 2(b) ) appear to be present at different energies.
In order to determine whether such differences in the energy position of feature B are related to the Pt-Cl distance, a curve fi tting analysis of the EXAFS data of the Pt-Cl containing reference compounds was carried out. To extract non-structural parameters associated with curve fi tting analysis, in particular the amplitude reduction factor (AFAC), Pt foil data for which the crystal structure is precisely known was analysed. The best fi t between experimental and calculated EXAFS spectra and the associated Fourier transform (FT) for Pt foil is shown in Figure 3 . Once the AFAC was obtained, a further test was carried out using EXAFS data for PtO 2 . The best fi t between experimental and calculated data is shown in Figure 3 . Only the fi rst Pt-O shell was considered here, and the phase was assumed to be -PtO 2 . Although PtO 2 exists in two forms, -PtO 2 and -PtO 2 , the latter is a high pressure phase and unlikely to be present. This system has been characterised by Graham and coworkers (28, 29) .
Subsequently, EXAFS data of the two Pt-Cl containing reference compounds, PtCl 2 and K 2 PtCl 4 , were analysed in detail. The best fi t between the experimental and calculated EXAFS data, and the associated FTs, are shown in Figure 4 . All the coordination numbers (N), bond distances (R) and Debye-Waller factors ( 2 ) derived from the analysis are given in Table I . From Table I , it is clear that the Pt-Cl distances are closely similar and well within the typical error limits of ca. 0.02 for determining bond distances from EXAFS data. This suggests that the differences in feature B seen for various Pt-Cl containing platinum species may not be related to Pt-Cl distances; further detailed studies are required to substantiate this fi nding. Figure 5 shows the XANES spectra of the model catalyst RM1 heated in air at different temperatures. The white line intensity is higher for the systems processed at low temperatures which indicates that there is more than one component present in these low temperature systems. 
Model Catalyst
Fig. 4. Best fi t between experimental Pt L 3 edge EXAFS data and calculated data for PtCl 2 (top) and K 2 PtCl 4 (bottom). On the right are shown the corresponding FTs of the experimental and calculated data. In both cases the coordination number, interatomic distances and Debye-Waller factor ( 2 ) were refi ned to obtain the best fi t
In order to establish the species present in the RM1 catalyst after processing at different temperatures, the EXAFS data were analysed. Figure 6 shows the best fi t between experimental and calculated data for all the RM1 catalyst samples along with their respective FTs. The results of the analysis are given in Table II . It is clear from the analysis that the as received RM1 sample contains a signifi cant oxidic component. The inclusion of other species in the fi tting procedure, in particular Cl neighbours, did not yield a better fi t to the experimental data or produce physically meaningful results. RM1 heated at 600ºC for 18 hours shows predominantly metallic Pt. However, adding a Pt-O contribution resulted in a better fi t and a 10% improvement in the fi t index (goodness of fi t). This suggests that the oxidic platinum species present in the as received RM1 catalyst are not completely converted to metallic platinum when heated at 600ºC. Samples heated at 900ºC could be modelled based only on bulk platinum and there was no need to include additional species to fi t this data. The coordination number of these samples was found to be ca. 11.8, which is very close to bulk Pt metal. This suggests that sintering has taken place, leading to the formation of bulk-like species (30) .
Fig. 6. Best fi t between experimental and calculated EXAFS data and the respective Fourier transforms of RM1 model catalysts heated in air at different temperatures
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XANES Data Analysis
Pt L 3 edge XANES data of fresh and road aged catalysts, both obtained from a non-coastal environment, along with Pt foil, PtO 2 and K 2 PtCl 4 are compared in Figure 7 . The white line intensity is slightly higher for the fresh catalyst than for the road aged catalyst, and the XANES spectrum of the road aged catalyst is closer to that of bulk Pt metal. A tiny peak above the white line intensity at around 11,585 eV is present in Pt foil and is more pronounced in aged catalyst than in fresh catalyst (Figure 7(a) ). This feature is also present in K 2 PtCl 4 and PtCl 2 , but seems to appear at different energies.
In order to obtain more quantitative information, a linear combination fi t analysis was carried out on the fresh and road aged catalysts using the ATHENA software. Typical best fi ts obtained using a linear combination of Pt foil, PtO 2 and K 2 PtCl 4 data are shown in Figures 7(b) and 7(c) . For the fresh catalyst, the analysis suggests that the majority of the species are Pt 0 . A minor component can be due to either Pt-Cl or Pt-O species or a combination of both. It is important to note that although the calculated linear combination data matches the white line area, features at higher energies could not be matched precisely using this combination. Attempts were made to use other types of Pt-Cl compounds but the best fi ts were again not completely satisfactory. This may be due to the use of crystalline bulk materials data as the reference while the XANES features may have been affected by the high pgm dispersion in the VEC catalysts, as well as a Pt/Pd alloying effect due to the presence of Pd in the catalyst washcoat formulation. Chemical analysis found the chlorine content in the fresh catalyst sample to be ca. 33 ppm, well below what would be stoichiometrically required if Pt-Cl species were present in the XANES data of the fresh or road aged catalysts.
(See Supplementary Data available on the web version of this article.)
EXAFS Data Analysis
The analysis of the EXAFS data was found to be much more reliable for determining Pt speciation, since the Pt-O, Pt-Cl and Pt-Pt distances are signifi cantly different (2.02 Å, 2.31 Å and 2.74 Å, respectively). The results of the best fi t between calculated and experimental data for the fresh and road aged catalysts derived from non-coastal and coastal environments are shown in Figures 8 and 9 , along with their respective FTs. The results of the analysis are given in Table III .
The active components present in the coastal and non-coastal catalyst samples were found to be different. In the non-coastal samples, palladium was found to be present as well as platinum. Inductively coupled plasma (ICP) analysis also confi rmed its presence in this catalyst. (See Supplementary Data.) However, in the coastal samples, only platinum was present. Table III that the major components in all the catalysts were metallic species. The fresh catalysts from both non-coastal and coastal environments contained small amounts of platinum in an oxidic environment. The amount of Pt-O species appears to be higher for the non-coastal samples compared to the coastal samples, but was still lower than for the model RM1 catalyst described earlier. Furthermore, analysis of the EXAFS data of the fresh non-coastal catalyst showed the presence of a bimetallic Pt-Pd component, in addition to monometallic Pt-Pt. This is easily distinguishable in the analysis of the EXAFS data, despite the fact that Pt-Pt and Pd-Pd distances are comparable in magnitude. When an attempt was made to include a Pt-Cl component in the analysis it always yielded both unrealistic Pt-Cl distances (much shorter than expected) and also unrealistic Debye-Waller factors.
The structural data reported in Table III for the road aged catalysts showed the presence of predominantly metallic species with a high proportion of monometallic Pt-Pt. There was no signifi cant increase in the Pt-Pd contribution compared to the fresh non-coastal catalyst. It is diffi cult to conclude whether the monometallic component is similar to bulk species, due to sintering, since both the mono-and bimetallic components contribute to the coordination number. Coastal samples, which did not contain any palladium, also showed an increase in the Pt-Pt coordination number upon ageing. The oxide component decreased upon ageing in both catalysts. The increase in the Pt-Pt coordination number in the road aged catalyst 
Fig. 8. Best fi t between experimental and calculated EXAFS data (left) and the respective Fourier transforms (right) of fresh non-coastal catalyst (top) and road aged non-coastal catalyst (bottom)
suggests that some sintering may have taken place, although the coordination number remains below the value seen for the model RM1 catalyst heated at 900ºC. It is well known that prolonged use of VEC catalysts leads to sintering and deterioration in their performance (4, 5, 30) . However, it is diffi cult to correlate such effects in this case, since the age, usage and history of the road aged catalysts studied is not known. The main important fi nding from this study is that, based on a detailed analysis of the EXAFS data, it can be inferred that chloroplatinate species were not detected in either fresh or road aged diesel VEC catalysts.
Conclusion
A detailed XANES and EXAFS analysis of fresh and road aged diesel VEC catalysts, obtained from registered UK car dealers in both non-coastal and coastal regions, was carried out to determine the species present in both fresh and road aged light-duty diesel catalysts. Although a linear combination fi t of the XANES data has been widely used in many studies to determine the speciation, the present studies suggest that both XANES and EXAFS data are required to clearly show the nature of the species present in a catalyst. The results from the VEC catalysts studied here show that it is unlikely that there are Pt species associated with chlorine present in the system whether used in a coastal or a non-coastal environment. If species other than metallic (or bimetallic) components are present in the system, they are associated with oxygen atoms and may be present as a discrete oxidic phase or as a result of the metal particles interacting with the oxidic support. 
